Abstract.
Introduction
Magnesium, the lightest structural metallic material, has attracted renewed interest in the automotive and aerospace sectors owing to the increasing worldwide demand for a reduction in fuel consumption and CO 2 emissions. Nevertheless, any replacement of the currently dominant steels and aluminum alloys has proven difficult because of the inherent low strength. Different approaches have been developed to overcome these limitations but generally there has been a special emphasis on alloy development and/or an optimization of the processing techniques for achieving enhanced grain refinement and strain hardening. Another potential strengthening route that has begun to attract significant attention is the addition of a hard-reinforcing phase, typically a ceramic, to produce the so-called metal matrix composites (MMCs).
Among the different production routes hitherto developed for the manufacturing of MMCs, severe plastic deformation (SPD) processes have emerged as powerful tools for the consolidation of composites from metal chips, particles or powders [1] . In particular, equalchannel angular pressing (ECAP) [2] has been used for the consolidation of different metals [3] including magnesium [4] . Due to the high pressure and high shear strain exerted in the ECAP processing technique, a binding of the particles is achieved which leads to the production of bulk samples. In practice, it is found that the application of ECAP at higher temperatures, and with the simultaneous aid of a back-pressure, provides the optimum conditions for achieving consolidation.
Processing by high-pressure torsion (HPT) [5] offers an alternative procedure for consolidating metal particles at room temperature because of the ability in HPT to impose extremely high hydrostatic pressures. In the HPT process, the nominal pressure is usually in the range of ~2 -8 GPa which is well above the flow stress of most metallic materials. This means 1 that the particles will be plastically deformed to an almost fully-dense bulk solid. Furthermore, the torsional straining of the particles increases their surface area to promote the binding of the particles and the application of SPD will lead to a refined microstructure in the matrix. For example, it was shown earlier that milled Al-7.5% Mg powders may be consolidated by applying 5 turns of HPT at a pressure of 6 GPa [6] .
There are now several reports documenting the production of MMCs using HPT processing. Thus, a Co-NiO composite was produced by 5 turns of HPT at 6 GPa [7] , an Alfullerene composite was produced by 15 turns at 2.5 GPa [8] and an Al-Al 2 O 3 nanocomposite was fabricated by using 10 turns at 6 GPa [9] . There are also reports of the use of HPT for the consolidation of machining chips: for example, copper machining chips were consolidated by 5 turns of HPT at a pressure of 6 GPa at room temperature [10] , Al-8% Si-3% Cu chips were consolidated by 10 turns at a pressure of 8 GPa [11] and Zr 50 Cu 30 Al 10 Ni 10 metallic glass chips were consolidated by 10 turns at a pressure of 6 GPa [12] .
Earlier studies demonstrated that Mg powders are effectively consolidated by HPT [13] [14] [15] leading to the formation of Mg-MgO composites in which an oxide layer forms naturally around the Mg particles and acts as a reinforcing phase. Nevertheless, despite the very great potential for using HPT in producing Mg-based MMCs at room temperature, investigations on magnesium reinforced with higher contents of ceramic particles has remained essentially unexplored. Accordingly, the present research was initiated with the objective of fabricating Mgbased MMCs by using HPT for the consolidation of magnesium machining chips using alumina as the reinforcing phase. 
Experimental materials and procedures
Commercial purity magnesium was machined by dry milling and the chips were collected. Care was taken to clean the machine before milling and to avoid the use of a lubricant in order to prevent any contamination of the chips. The machining chips were mixed with alumina (Al 2 O 3 ) powder in a 9 to 1 ratio in weight in a rotating enclosed bottle. The chips were hundreds of micrometers in length and the alumina particles had diameter of less than 1 µm.
Observation using a stereomicroscope showed the alumina powder covered the surface of the machining chips and no powder remained in the bottle after mixing. The product was precompacted using a pressure of ~250 MPa into 10 mm diameter discs with thicknesses of ~1.0 mm. The pre-compacted discs were then processed by HPT at room temperature using a quasiconstrained facility [16] operating at a nominal pressure of 6.0 GPa and using a rotation speed of 1 rpm. Samples were processed to 1/8, 1 and 5 turns in order to rigorously track the evolution of the consolidation. For comparison purposes, a disc of bulk pure magnesium was also processed by HPT to 5 turns. The local heating induced by plastic deformation is expected to be less than 20 °C considering a flow stress of 200 MPa for magnesium [17] .
The three-dimensional (3D) distributions of alumina particles and voids in the processed samples were evaluated using a SkyScan 1174 micro-CT scanner (Bruker, Germany). This system is equipped with a 50 kV/40 W tungsten X-ray source and a cooled 1.3-megapixel CCD camera coupled to a scintillator by a lens with a 1:6 zoom range. In order to provide comprehensive results, approximately 1000 projections were recorded at angular increments of 1/4° between 0° and 360°. Samples of about 10 mm in diameter were recorded at 70 kV and 140 µm using an aluminum filter of 0.5 mm thickness to reduce any beam hardening artifacts. An Xray magnification of 6× and a lens magnification of 4× were used to give a field of view of about 3 10 mm. A pixel size of about 7 µm was achieved. Although the spatial resolution of the X-ray images was about 14 µm, and therefore nearly twice the size of the pixels, this was larger than the size of the individual alumina particles and this method was therefore effective in indentifying any large pores and alumina agglomerates.
The longitudinal sections of the discs were ground and polished and observed using optical and scanning electron microscopy operating at 15 kV with backscattered electron imaging. The discs processed through 5 turns of HPT were also analysed by X-ray diffraction.
MAUD software was used to estimate the crystal structure parameters, the crystallite sizes and the lattice microstrains. Microhardness testing, with a load of 200 gf and a dwell time of 10 s, was used to determine and compare the hardness of pure magnesium and the magnesium-based composite. Dynamic hardness testing was used to determine the room temperature creep properties on longitudinal sections of the consolidated discs. For the creep tests, a constant load of 300 mN was applied during 500 s and the penetration depth was tracked. The creep data were then obtained by converting the instantaneous hardness into flow stress and converting the depth and time data into strain rate [18, 19] . Figure 1 shows representative X-ray microtomography images of the plan views (upper) and side sections (lower) of the discs processed through 1/8, 1 and 5 turns of HPT. Any agglomerated alumina shows up in a dark colour with an irregular shape and it is present throughout the sample processed to 1/8 turn. Further processing to 1 turn leads to the formation of a large agglomeration arranged concentrically in the disc sample where the spiral shape of the track suggests that the rotation occurring during HPT gradually pushes the alumina towards the 4 edge of the sample. This suggests that the processing of a two-phase composite during HPT can promote the agglomeration of the phases due to their different flow behavior. A small volume of the material occurs as an outflow around the periphery of the disc in quasi-constrained HPT and it is likely that this outflow contained a significant fraction of the reinforcement particles that had flowed together within the disc. The disc processed to 5 turns exhibits only limited alumina agglomeration and furthermore any agglomeration tends to be concentrated in isolated positions near the edge of the disc.
Experimental results

Nature of the consolidation process
The consolidation of the chips and the distributions of the alumina particles were also evaluated along longitudinal sections of the discs using optical and scanning electron microscopy. Figure 2 shows low magnification images of the processed discs where pores and any separation between the chips are visible as dark areas. The disc processed to 1/8 turn is characterised by a severe lack of bonding between the chips and also the area near the disc centre appears even less consolidated so that a small number of chips was removed from the disc during grinding and polishing. This image demonstrates conclusively that processing through 1/8 turn is insufficient to achieve a reasonable level of consolidation. The disc processed to 1 turn displays improved consolidation especially near the edge regions although some pores are visible near the centre. Finally, processing to 5 turns lead to an apparent full consolidation of the machining chips throughout the sample although a small amount of ceramic particle agglomeration may remain in the vicinity of the disc centre.
Microstructural characterization after HPT processing
Details of the microstructures near the edges of the processed discs are depicted in Fig. 3 where the upper images are after 1/8 and 1 turn and the lower images are after 5 turns at two different magnifications. There is a clear distinction between the large magnesium volumes and Table 1 . Thus, the crystal parameters are generally similar in the bulk magnesium and the magnesium composite although the crystallite size is smaller and the lattice microstrain is larger in the composite. The similar crystal parameters negate the formation of a solid solution in the magnesium matrix.
Hardness values and creep data after HPT processing
The distribution of hardness values in the radial directions of discs of bulk magnesium and of the Mg-Al 2 O 3 composite are depicted in Fig. 5 . Pure magnesium exhibits a saturation in hardness at ~48 Hv after 5 turns of HPT and this value remains essentially constant across the disc. This saturation value is in agreement with other reports of the HPT processing of pure magnesium [20, 21] . By contrast, the magnesium composite shows no evidence of a hardness saturation and instead the hardness increases and reaches a maximum at the edge of the disc.
Initially, the microhardness values near the centre of the Mg-Al 2 O 3 disc are lower than for the pure metal after processing under equivalent conditions and this indicates that the grain refinement kinetics in the composite are initially delayed due to the occurrence of particle binding. It also appears that a full consolidation was not achieved in this region of the Mg-Al 2 O 3 composite after 5 revolutions of HPT. Conversely, the hardness in the Mg composite is significantly larger than for pure magnesium at the edge of the disc which shows the hardness saturation in the composite requires a higher level of shear strain although the maximum attainable hardness is then at an increased value.
Dynamic hardness testing was used to evaluate creep at room temperature in the magnesium matrix. Figure 6(a) shows the depth versus time data and the trend curves for indentations near the edges of the discs of pure magnesium and the composite processed by 5 turns of HPT. The depth increases with time of application of a constant load due to the 7 occurrence of room temperature creep and it is apparent that this effect is more pronounced in the pure material. These data were converted into flow stress versus strain rate and the relevant curves are plotted in Fig. 6(b) . The results show that the flow stresses for the Mg-Al 2 O 3 composite are higher than for pure magnesium but the strain rate sensitivity is lower. It is readily apparent that the hard particles are more effective in increasing the low strain rate flow stress. It was noted earlier that an increase in strain rate sensitivity is associated with a change in deformation mechanism at room temperature in pure magnesium [19, 22] . It is worth noting also that the strain rate sensitivity of the composite in this investigation is high compared to conventional coarse-grained magnesium where earlier results showed m ≈ 0.03 [19] .
Discussion
The consolidation of metallic particles [14, 15, 23, 24] and chips [10, 11] into bulk samples was reported earlier and there are also reports of the incorporation of metallic particles and hard phase particles into metal matrix composites by HPT [8, 9, 13, 25] . Nevertheless, the present results demonstrate that it is feasible to mix magnesium chips and hard ceramic particles in order to produce bulk nano-composites by HPT. It is noted, however, that the larger size of the chips increases the difficulty both of bonding the metallic phase and of achieving a homogeneous mixing of the phases.
Prior to HPT processing, the Mg chips were hundreds of micrometers in length whilst the alumina particles had less than 1 µm in diameter. This leads to an inhomogeneous distribution of phases in the pre-compacted discs. The initial division of phases leads to the build up of a thick layer of a hard ceramic phase between the large chips and these layers then prevent full contact between the metallic phase during the early stage of processing. As a consequence, the chips initially slide over the loose ceramic particles without incurring any significant plastic 8 deformation. The thickness of the ceramic particle layer gradually decreases due to the build up of large agglomerations which are pushed towards the edge of the sample and binding between the chips then starts to develop. Accordingly, a dense metallic matrix network is only observed in some areas of the disc after a full turn of HPT. The microstructure at this stage remains heterogeneous since there is a clear distinction between the areas rich in ceramic particles and the areas of pure magnesium. The mixing of these phases is only achieved after additional significant straining up to 5 turns of HPT. It is important to note also that an earlier consolidation of pure magnesium particles and powders was achieved with a total shear strain of only ~42 [15] while the composite in the current investigation required a total shear strain of ~196 at the edge of the disc.
Observations of the microstructure of the disc processed to 5 turns of HPT suggest that the total volume of alumina particles decreases during processing. Thus, the initial sample was prepared with 10% of total volume of alumina particles but a smaller fraction was observed after HPT processing. It is reasonable to anticipate that a small fraction of alumina particles may be removed from the surface of the sample during metallographic preparation but this effect cannot account for this significant difference. The evidence from X-ray diffraction also suggests that the alumina phase is only a minor fraction of the sample after 5 turns of HPT. Some fragmentation of the Al 2 O 3 phase may take place during HPT and X-ray diffraction and SEM may underestimate the amount of these nanometer sized particles. However, the presence of a considerable volume of particles with no sign of significant reduction in size suggests that any fragmentation was not extensive. Therefore, this reduction in the volume fraction of the hard phase is attributed to the preferential outflow which occurs in quasi-constrained HPT at the edges 9 of the sample. Furthermore, this is in agreement with the observation of a spiral of alumina in the microtomography image in Fig. 1 after 1 turn. Although a large fraction of the reinforcement phase was lost during processing, a homogeneous distribution of alumina particles was attained within the magnesium matrix at the edge of the sample processed to 5 turns. The reinforcement phase led to a decrease in the crystallite size and an increase in the lattice microstrain compared to the bulk pure magnesium.
As a consequence, the composite displays different mechanical behavior.
It is known that pure magnesium exhibits a saturation in hardness at low levels of strain when processing by HPT. Typical values of hardness for HPT-processed pure magnesium are within the range ~35 -55 Hv [20, 21, 26] . By contrast, the hardness at the edge of the Mg-Al 2 O 3 composite in these experiments was ~75 Hv. In addition, the composite exhibits a higher resistance against room temperature creep. Recent reports have shown that pure magnesium changes the deformation behavior with grain refinement [19, 22, [27] [28] [29] and becomes extremely ductile, where this change in behavior is attributed to the onset of room temperature creep by grain boundary sliding [23] . The flow stress versus strain rate curve of the Mg-Al 2 O 3 composite in Fig. 6(b) shows an increase in the low strain rate flow stress and a decrease in the strain rate sensitivity. This suggests that the presence of hard particles in the present experiments serves to hinder the occurrence of grain boundary sliding. It is known that a fine dispersion of hard particles promotes a local strain gradient in the metallic matrix which increases the hardening rate and strengthening [30] . This is in agreement with the larger lattice microstrain and the higher hardness observed in the Mg-Al 2 O 3 composite in the present investigation.
Summary and conclusions
1. A Mg-Al 2 O 3 composite was produced by consolidation of pure magnesium chips and alumina particles using high-pressure torsion. The microstructural evolution was examined by optical microscopy, scanning electron microscopy and X-ray microtomography.
2-The initial segregation of phases leads initially to the sliding of magnesium chips along thick layers of loose alumina particles. The thickness of these alumina particle layers decreases gradually as this phase is preferentially pushed into the outflow which occurs around the periphery of the disc in quasi-constrained HPT. The results show the bonding between the magnesium chips and the mixing of the phases requires a relatively large amount of shear strain. Figure 6 -(a) Depth vs time data and (b) room temperature stress vs strain rate curves determined by dynamic hardness testing; data for pure magnesium processed by HPT is also shown for comparison.
